Abstract-Applying metamaterial mechanism into the wireless power transfer (WPT) system is one of potential methods for improving power transfer efficiency (PTE). Different from the conventional metamaterial slab with single negative permeability (SNP), the WPT with hybrid negative permeability (HNP) slab has higher PTE. In this paper, we investigate the parameters of HNP slab at different position between WPT coils. The simulation results show that the optimal parameters of HNP for high PTE is dependent on the metamaterial slab position. By adopting an appropriate HNP slab, the higher PTE can be obtained at required arrangement of WPT coil module with the metamaterial slab.
I. INTRODUCTION
With the rapid growth of the portable electronic devices and wireless applications, the potential markets for demanding wireless power transfer (WPT) technology are dramatically increasing because of its convenient power charging. However, the power transfer efficiency (PTE) will decrease when WPT coils separation distance increases [1] . Several methods have been presented for increasing PTE at the relatively high separation distance, such as impedance-matching mechanism, repeater, and metamaterial slab [2, 3, 4] , etc.
Adopting metamaterial mechanism to change the coupled magnetic flux density in a WPT system has the potential to increase PTE. Generally, the metamaterial slab has single negative permeability (SNP) and is placed at the center of WPT systems [2] for increasing PTE. In this paper, we investigate the parameters of hybrid-negative-permeability (HNP) metamaterial slab [5] for obtaining higher PTE, and the HNP metamaterial slab can be placed at the required position in a WPT coil module for more space utilization in application.
II. THE METAMATERIAL SLAB POSITION
At the mode of magnetic coupled resonant WPT in Fig. 1(a) the power is transferred by the coupled magnetic flux. When coil separation distance increases, the coupled magnetic flux will decrease, i.e., less coupled power. In order to increase the coupled power, i.e., PTE, the metamaterial slabs with negative permeability are adopted into WPT coil module. Then the vector direction of magnetic flux from TX coil can be changed so that the coupled magnetic flux density increases at RX coil. As shown in Fig. 2 , the 4-turn spiral unit cell whose size is 40 mm×40 mm in 0.8 mm FR4 PCB, has relative permeability of -1.8. The adopted metamaterial slabs has 5×5 unit cells. We study the influence on PTE by different metamaterial slab positions in Fig. 1(b) and (c). The simulation results in Fig. 1(d) show that highest 21 at 6.78 MHz is obtained when the metamaterial slab is positioned in the middle of WPT coil module. However, the placing of the metamaterial slab in the middle of WPT coil module may limit the flexibility of coil space utilization in application. As stated in Section III we propose the hybrid metamaterial slab placed near TX coil for improving PTE and obtaining better coil space utilization.
III.THE HYBRID METAMATERIAL SLAB
As shown in Fig. 3 the incident angle of the magnetic flux differs on XZ plane which is located at the middle between TX and RX coils. When we simply divide the XZ plane into two parts of inside part and outer part, the magnetic flux incident angle on the outer part is larger than that on the inside part. Then, the RX coil will have less coupled magnetic flux density because of the larger incident angle on the outer part of XZ plane. This implies that less power will be coupled to the RX coils when the magnetic flux incident angle becomes larger. Therefore, we revised the SNP slab in Fig. 2 (c) to HNP slab in Fig. 4(a) . The proposed HNP slab has two sets of unit cells array with 9-cell inside part and 16-cell outer part. The unit cell is designed as 4-turn spiral, whose size is 40 mm×40 mm in 0.8 mm FR4 PCB.
When the slab is positioned at the middle of the coil module, the designed slab has relative permeability of -0.2 at inside part and -2.42 at outer part. As shown in Fig. 3 the incident angle to the metamaterial slab will be different when the slab is positioned differently. It implies that the slab needs different permeability for appropriately varying the vector of magnetic flux lines so that higher PTE can be obtained at different slab positions. Therefore, the slab unit cells with different parameters are adopted. Table I lists parameters of various types metamaterial unit cell at different slab positions when the TX-RX coil separation distance is 100 mm when the slab is place at the middle between TX and RX coils. Simulation results also show that high PTE can be obtained by adopting different parameters of slab unit cells when slab position changes.
The simulation results in TABLE II show that the WPT coil module with HNP slab has higher PTE than that with SNP slab at three different positions. From the Fig. 5(e) , we can see that by adopting the optimal parameters of the HNP metamaterial slab in each position, high PTE can be obtained. Furthermore, type III has maintained the PTE as type IV, and the effective transfer distance has increased from 50 mm to 70mm for more space utilization in applications.
IV. CONCLUSION
In this study, we investigate the HNP metamaterial slab with different distances between the WPT coils. It is shown that, by adopting the optimal parameters of the HNP metamaterial slab , high PTE can be maintained of 6.78 MHz at different slab position. 
